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ABSTIlAC'!

-*

this an1ele represents a camp:Uation of current research endeavors a:ad
speculations.in the chemical/biological processes employed in ,the
conversion '0£ biomass he:micelluloses (xylans) to sugar and subsequent
fermentation. Current literature is reported on the generation of xylose
hydroly:ates, pentoae metabolism, alcohol production, and use of xylose
isomerases. Summations on conversion processes to support a xylose
fermentation at NRRC are discus••d.

Th"rRODUCTION

Residues are the excesses and vastes from growing and processing raw
agricultural produc't.s. The present and potential supply of agriculc.ural
b~roducts from domestic: crops is not known in the Uni~ed States ~eh
certainty; however~ the annual total certainly exceeds 800 million tons
(dry basis). The feasibility of utilizing these residues for producing
energy or chemicals depends on their charac~eri8tics: composition,
availability, supply, current usage. value of the residue for other
uses~ and the economics of collection and storage.

AD accurate~ comprehensive analysis of the characteristics of most
agr1cultur~ residues is not available; however, recent publications
describe the properties of a number of tmportant agricultural and related
industrial wastes (1, 2). Comprehensive reviews of research done in the
sixties and seventies on utilization of animal products and on animal
..-aste tl:lanagement have been repor'ted by Mann (3) and Loehr (4). Other
reViews (5. 6. 7) are mainly concerned "'7ith either chem1cal or
cicrobiological conversion to useful byproducts: feed supplements,
methane. biopolymers. and chemical feedstocks.

Cellulose. our most abundant renewable resource is available as a
renewable plant material from sources such as ~ood pulp. newsprint,
urban ~aste, agr1-resiaues. and manure. An estimated 22 X lO? tons of
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oelluJ.ose i. gecerated by photosynthesis annually worldwide (8). OuJ.y
about 4 X 109 toua/yT (20%) 1s readily available for conversion co
energy or feedstufts •

Dry cellulosic materials (in average) have a heat value of about one-third
tha~ of hydrocarbon of equal weight. Therefore~ cellulosic materials
can be looked at seriously in terms of renewable, indwlI:rial resource.
One alternative to the conversion of cellulose 15 the production of
alcohol. Alcohol CaD be burtled in incernal combustion engines and can
be used in solvents, in beverages, and. in hydrocarbon synchesis (Via
ethyl"",,). The basic .up. in processing celluJ.ose to 31001101 inolude
cocvers1ou of cellulose co glucose, followed by microbial fermencacian
to alcohol and rscovsry of alcohol by dist1llation.

Several chemical and biological processes have been used to modify the
abundane lignocslluJ.osic byproduces of agricuJ.tural and wood-proce.sing
ind....eri.. to increase their digeseibility for anilllaJ.s (9, 10).

CslluJ.ose/HemicelluJ.oss Hvdrolysi.

~5C plaue fibers contain cellulos., hem1eellulQae~ and lignin in
approxilllaee raeios of 4: 3: 3 (ll). Callulo•• is a l1omogeceous polymer of
glucose, wh.ereas hemicellulose mlseules are often polymers of pentoses
(xylose and arabinose), hexasas (1UDJ1Ose), and a number of sugar aCids.
Lignin. a polyphenolic mac:rolllOlecuJ.e (12) i. relativsly high in C and II.
and loveJ: in a concene: dwi are callu.l:osa a.c.d. hm1cellulose, and it has
the highese h••t value of the three (13). Hydrolysis of hemielllluJ.ose
eo mono- and oligosaccharidas caD be accomplished with either acids or
enzymes und.r 1lIOderaee oondieions (14, 15). Unlike hemicellulo.e.
cellulose is resistant to hydrolysis. C.lluloae fibers generally consist
ot a highly oJ:dared crysealline scruc:ure of cellulose surrounded by a
lignin seel. wl1i~ becomes a phy.ical barrisr to easy hydrolysi.. The
..sily hydroly••ble portion of cellulos. (&lIIOrphous coglon) is abOU1: 15%
and ehe remainder, the resistant residue, is crystalline cellulose.
Crystalline cellulose may be hydrolyzed by serong acid, but this also
causae degradation of the glucose monomer.

Hemicellulose is one of the major componencs of renewable resources,
tomprising upwards of 35% of th. plane maeerial (16). Hydrolysi. of
hem:l.clllluJ.ose yields a 1lIUcur& of suger.. prilllarily o-xylos. as th.
major component. For couzpleca uc1li%auon of biomaas-derived sugars in
the produc1:1cn ot f8cencac1an alcohol, the convers:t.on of boch the
caUulos:f.c and he:micellulod1c compouen'CS is 'Olarranted. Until recently,
no yeasts were repor~ed to ferment pencoses, although same ware capable
of aerobic lIleeaboli.s1o (17). HemicslluJ.ose-<lsrived peneo.... tan be
obeained easily in good yield frOID r ...idues using a relaeivsly s:llllple
p1:ocesa (15). Xylan can be degraded. by yeast of the genera Aureobasidiul~h

Crvpeoeoeeus. and trichos~oron and Candida ut~is and Candida alb:t.cans
ueilize 0-:<110se (18).

Clostridium thermosaccharolvt:icum. ferments xylose to a m:f.xture of ethanol.
lactic ac:f.d. and acetic acids (19). Fusarium oxvs~or~ and other F~ariuo

species degrade xylose and have been used 1a combinaeion with ehe yeast
Sacchargmyces cereVisiae (20. 21).

~AnON OF P::NTOSES

aemicellulose-derived pencoses can be produced fr~ a variety of available
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residues in reasonable yields by means of dilute acid hydrolysis at
moderate temperatures. Using relatively simple chemical processes,
pen~08es may be the least expensive carbohydrates ava1lable for fermentation
to alcohol and other feedstock chemicals. An alcohol from hemicellulose
process could be incorporated iDto a cellulosic indusery as an initial
step for utilization of pentose sugars. Initial processing of the 5-C
sugars could be coupled to the c:.ellulose hydrolysis for more efficient
utilization of biomass to fuels.

The major drawback to the applic:at1on of thue concepts vas the i:nabiliry
of veasts to convert pencose sugars to ethanol and lack of strong
physiological evidence relative to ethanol production from complex augar .
hydroly:ates. To fully utilize biomass-derived sugars in the produc:.tion
of ethanol, fermentation of the hemicellulose-derived penco.es is important.

All pentoae-£ermenting. ethanol-producing bac:eria so far studied appear
to us. a oOlllb:lnat:1on of the pento....phollJlhat. and Embden-lleyerhoff pathways
for oCDVersion of pentulose phollJlhates to pyruvio aoid (22). Amongst the
fungi. only members of ebe genus Fusarium have been reported to produce
ethanol from pentose (23).

Raceeria such as Aeromonas hvdrophilia (24), Closeridium
thermo8aeeharol~icum (19), and Klebsiella pneumoniae (24) Yield mtxturea
of ferm-ntat1on products, including ethanol. from D-sylo.~.

Recently Chiang, Gong and coworkers (25, Z6) have reported.on .thanol
production from D-zyloa. 10 the presence of D-xyloae-iaameri:iDg enzyme.
D-%Yluloae., an intermediate 9£ D-xylo8. catabella. vas ob8erved to be
fe1'lllentabl. to .thanol and CO: in s yiald .of greater than 80% by ha....rs·
yeast. Similar obeet"'V'at1oua have alao been raportaci by Wang et ale
(27, 28) on isomeraa. c:.stalyzed oCDVeraiOB of xyloae to xylulos.. followed
by fermentation to .thanol. liang and oovorkers (29) have alao reoently
?ublished on a number of yeaata ..pabl. of D-xylulos. c:.stabolism in the
presence of air and growth.

R.cent findings (30-32) have demonstrated a yeast aystem ..pable of
direct fermentation of xylose to eehanol. Th1s orga:a.1sm. Pachvsolen
tannonhilus fements glucose and xylose to alcohol in the presence of
oxygen. Maleszka.!£...!.!. (33) showed enhanc.ecf rates of ethanol production
by!. tannophilus from xylose with recycled or 1mmobll1Zed cells.
:ermetn:ation under these conditions did not require aeration. Slin1nger
and coworkers (34) demonstrated continuous fermenutiou of xylose by P.
:.annot)hilus entrapped in calcium alginate beads. Cultures reea:1.:Ded sOme
50~ of their iDdtial produotivity aft.r 26 days operation. Yields of
0.35 g .thanol/g xylose w.re obtained. Recent findings (35) demonstrate
a candida tr01:lic:alis capable of xylose conversion to ethanol under aerobic
concitious_

Since a xylose isomerase has not been identified in!. tamlophilus ceJ.ls,
it would appear that another route 15 functional to metabolize the
~·lose. Smiley (36) has recently demonstrated the presence of a NADP­
dependent xylose reductase and NAD-dependent xy11to1 dehydrogenase in
xylose grow!. tanno'Ohllus cells. These t:\JO enzymes would catalyze che
:o't"l1lation of xylulose which could be phosphorylated to xylulose..:5-POl.
and metabolized through the pentose cycle to ethanol. Further documentation
of this pathway in the physiology of !. canno'Ohilus is warranted.
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!he demonstration of microbial systems Eor direct fermentation of glucose
and xylose to ethanol provides a new dimension in the conversion or bio~ss

to liquid fuels, especially ethanol. Processes tor the conversion
of cellulose and hemicellulose to ethanol could b. integrated into e~sCiQg

cellulose-conversion plants where the hemicallulose-derived pencoses are
underutilized. Future conversion iDd.ustries wuld incorporate both the
grain- and residue- derived sugars for optimum production of fermentation
alcohol. Glucose liquors from acid or enzyme hydrolyzed cellulosics
would provide a substrate for a Saccharomvces fermentation that would be
coupled. to eouversi.on of xylose and xylans to ethanol by ocher yeases.

F:EllllEN'l:AnON OF xnoSE· AlIIl WEAT S'IlWI IlEHIC=SE HYDROLYZAIES

Batch termeneacions 1n our laboratory (31, 34) with Pachvsolen tannooh11us
inicially oontaining 50 g/licer 0-'110•• yielded 0.34 g of eChanol per
gram of pencosa consumed. Aerobic conditions were required for cell
grOV1:h buc noc for echanol produccion. Boch aloohol formacion and graw<:h
wre optimum when inc.ubation temperature was 3Z·C, when pH was near 2.5.
and when o-xylos. and eChanol oOl1CencraciolU did DOC exceed 50 g/licer
and 20 g/licsr. rsspeccively.

The moat recene informacion frotl our laboraeory represenes research
fiJ:1d1ngs on ch. product1on of glucose and xylose from. straw and subsequent
direc: fermau:aciaa of bath sugars to ethanol.

Agriculcural scraw IIU subj eceed co ch.rmal or all<all pulping prior co
enzymacic ,ac:chariI1cac1on. When 'llheae straw (US) vaa treated at 170 Cl C
for 30 co 60 min ac ~ac..-co-solids racio of 7:1. ch. yield of oellulosio
pulp ~as 70 co 821 ('!'.able 1). A sodilllll hydroxide ""craocion yielded a
60% oallulosio pulp and a hemicellulose fraccion available for fe~ncacion

co scha1101 Crabl. 2). !h. celluloeic pulps ~ers subjecced Co oellulase
hydrolysis at 5S·C for production of sugars to support a C-6 fermentation.
l!emicellulos. was recovered from che liquor filcraces by acidl aloohol
prec.i:pitac1on followed by acid hydrolysis to xylose for fermentacion.

?achvsolen earmo-ohilus stra.:1.n mtRL 2460 15 capaole of an ethanol fermenC3cloa
of rylose under initial aeration conditions for generation of higb cell
populacions (31). Oecroy ec al. (32) have repor~ed bacch fermentacions
wich 70 g/licsr o-xylos. resur-Cing in 0.3 g echanol/g of pencos. metabolized
in 6 days. Figure 1 depicca cha replicacion cycle of P. cannooh:Uus ac
2S'C on 7% xylos.. Cell popuLacions double ""ery 24 ~ for approximacely
3 days. EChacol oonoancracions of 2.0% ~e achieved by 6 days '<lch
c~l.ca ucilizacion of the xylQse available.

Our mosc recenc e%per1m.mlcs with? tamlO'Oh:UU5 involve fermancacicn of
xylose fr01ll orude WS hydroly:aces7 The yeasc producad 7.2 g (0.72:)
ecllaxlol fr01ll a hydroly:ace oontaining 43 g/licer xylose (4.3%) as sh=
in Figure 2. All of :h. xylose IIU OOnsllllled wiChin 4 d.ays wich oo.ly a
sUghc effecc UPOl1 oell replication. !he sub-opc1ma.l Yield for echanol
is probably due to tbe presence of lignin byproduccs and degraded sugar
derivatives in the concenc~ated ~S nydrolyzates. Further optimization
of boch the processing of hydrolyzaces and ehe fermencacion are underYay
in out: laboracory.

F1gu'te .3 dep1c:.s an overall sc.hematic tJith an itlieial c:...'1emical precreaoenc
Co yield a xy~os./pencosan camponent plus ehe cellulosic residue for
ethanol production. :'1"= 500 g of tlS, one obtains 400 g cellulosic pul?
after chemical pretreacment with 4: ~oa for 6 hr (37). !he liquor
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TABLE 1. CIlARA=sncs OF 1'lIERMALI.Y PULPED IlllEAT STRAW (30 MIN AT 170·C)

4.2 11.3

:

Residue

Cellulosic nulp composition

Cellulose

!I.t.A. Pe.ntoaans l.ignjJ1 Aab

~ : :;; :•

46.3 (33)d 18.0 (29) 16.5 (14) 7.68 (9)

Bvdrolv:ate comtlosition

Niorog""b Pent08&11& l.iguin Aab XyloseC

• :;; • % •• • ..
0.57 35.3 11.1 17.4 23.2

:;;

82.5

'.

Yield

pH

45011ds, basis orig1nal wbeat scr.toJ. Free liquor collected through

condenser.

bXjeldabl meohod.

cAfoer diluoe scid hydrolysis.
d
Values in parentheses represent analysis values for unrreated WS.



208 R. L. Cunniughalll aud R. W. Deeroy

!ABU: II. CllARA=sncs OF =I-EXnAcn:D wm:ax S'l'RAW

(Cellulosic Pulp)

Cotttt2osicion

Residu.a Cellulose

yield M.E.A. Pentol5m1S Ligna Ash

• % % • %• •

60.3 54.3" 20.9 8.34 5:90

(llem1cellulose ppt. fr01ll liS)

'l'ield Ligui.u Xyloseh

% - • %•

18.3 13.1 18.8

"r::z::racted overnight at room ce:mperature with 4% sodium

hydrox1de solut:l.ou.

bAfter d:l.lute ac:l.d hydrolysis.
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Wheat straw
(SOOg)

Chemical
pretreatment

Xylose
(40g)

Pachyso/en

Ethanol
(lOg)

Cellulosic pulp
(400g)

Cellulase

Glucose
(1D5g)

.s: uvarum

Ethanol
42g

r~g 3. Fermen~eion scbemaeic for eehanol from wbeae straw.
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contains some 40 S of fermentable D-~lose which, although sub-opc1mal,
supports the 1. cannophilus S-C fermentation treacment of the cellulosic
pulp with cellulase (10 IU/g) for 6 hr yields 105 g of fermentable
sugar, ...hich is only 60% of the available glucose in the pulp. Addition
of 5. uvarum cells to the saccharified oacerial yields 42 g ethanol (80%
of theoretical amount) in 48 hr.

Although the final yield.s of sugars from ws\reSidues is not optimal,
fermanea~1on of the xylose and. glucose produced in ~e aforementioned
processes has been achieved· nth 1.~ and!. ca.Dnonl11lus. With the
advenc of cultures such as the Pachysolen yeast direce, toeal femenati.ons
of re~id.ue polysaccharides co 8~hanol can be optimized.
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